ABSTRACT Underwater localization is an important and fundamental part of the Underwater Acoustic Networks (UANs). The problem we must face is that radio waves and optical waves are heavily attenuated underwater, so acoustic signals become the most common form of communication. However, the speed of sound wave is not constant and will be affected by the environmental factors. The inaccurate sound velocity will have a serious impact on the traditional positioning results. Therefore, the symmetry correction based on least square estimation (SC-LSE) is proposed in this paper. SC-LSE mitigates the influence of the imprecise velocity estimation on the localization by means of a special symmetrical relationship. We consider a realistic case, where the actual speed of sound is uncertain and the unknown nodes may be moving. The simulation results exhibit that our algorithm can achieve good performance and is not sensitive to the change of sound velocity and node movement.
I. INTRODUCTION
In recent years, countries have begun to vigorously develop marine engineering. The underwater acoustic network (UANs) has received extensive attention from academics and industry because of its wide range of applications, including port monitoring, underwater environmental monitoring, oceano-graphic data acquisition, submarine mining and oil exploration [1] , etc. Underwater localization is an important and funda-mental part of the UANs. For example, when mining submarine minerals, it is necessary to obtain the position and status information of the underwater working unit. The purpose is to perform real-time monitoring, tracking and control [2] .
Due to the special nature of underwater environment, there are mainly two challenges. Firstly, optical communication and radio technology cannot be universally applied in underwater environments, compared with the terrestrial wireless networks (TWNs) [3] . The reason is that the electromagnetic wave will suffer from the strong attenuation underwater. It propagates only at very short distances and exhibits a high inter symbol interference (ISI) [2] . Therefore, GPS signals
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will be unable to a depth of more than a couple of meters, so they cannot be directly exploited for underwater localization. Secondly, acoustic waves are often used to transmit information in UANs, but there are some demerits. Underwater acoustic communi-cation has a lower data rate and a higher transmission delay [4] . If we want to achieve a data rate of 10kbps, the transmission distance needs to be limited in several kilometers [5] . In addition, the speed of underwater sound waves is about 1500 m/s, which is 5 orders of magnitude different from electromagnetic waves. More seriously, the speed of sound in the ocean is not constant, which is constantly changing value due to many factors. The speed of sound will increase with increasing temperature, salinity and depth.
In general, the range-based schemes mainly include Received Signed Strength Indicator (RSSI), Angle-of-Arrival (AoA), Time of Arrival (ToA) and Time Difference of Arrival (TDoA). ToA is widely used in UANs, which is one of the most commonly methods [6] . It is to establish the ball (circle) localization model by measuring the sound wave propagation time. ToA has strict synchronization requirements between the target and the anchor node. When synchronization cannot be achieved, average of the two-way (round trip) ranging is also used as an estimate of the range. Two-way ranging can eliminate the static errors between nodes, whereas there are some new troubles. It doubles the time of the positioning cycle and gives inaccurate range information for asymmetric channels [7] . In order to improve positioning accuracy, the least squares estimated (LSE) method is often implemented. For example, the literature [8] introduces three-dimensional passive localization method for underwater target using regular triangular array. It is a time-delay estimation algorithm based on the regular triangular array, achieving more accurate three-dimensional positioning. In [3] , an asynchronous localization algorithm for underwater target mobility prediction is proposed. By designing an iterative least squares estimator, the impact of the clock asynchronization and node mobility is effectively eliminated. The literature [9] proposed a method to solve the multi-lateration equations by means of nonlinear least square optimization when positions are unknown. The algorithm is based on degree-of-freedom analysis, which have enough measurements from different positions that provide enough equations to solve the problem. In [10] , Teymorian et al. introduce projection to transform the 3D localization system to 2D, so a novel distributed localization scheme for sparse 3D sensor networks is proposed. They also prove that all of the geometric k-lateration localization methods are equivalent. Geometrically, the centroid correction estimation (CCE) is also applied for localization. The literature [11] proposed multi-sensors centroid localization algorithm. Due to the positional relationship between different beacon nodes and unknown nodes, a weighting idea is introduced to improve the CCE.
In the ranging localization protocol, most of them use the LSE or CCE to locate, and then perform multiple iterations to achieve higher precision localization by obtaining more information. However, they always ignore the impact of sound velocity change, so the symmetry correction based on least square estimation (SC-LSE) introduced in this paper. It is corrected by means of a special symmetrical relationship between the actual point and one estimated by LSE. SC-LSE can revise the positioning result in a single positioning period, when the expected sound velocity is deviated. Whether the underwater target is stationary or moving, the proposed algorithm has a good positioning effect. Meanwhile, it is able to evidently mitigate the influence of the imprecise sound velocity on the localization. Compared with the LSE and CCE algorithms, the proposed algorism reveals strong robustness and stability.
The remain of the paper is organized as follows. In Section II, we present the system model and a problem about sound velocity. Provide the design of SC-LSE in detail and the performance evaluation through computer simulations in Section III and Section IV, respectively. Finally, this is followed by conclusions and future works in Section V.
II. SYSTEM DESCRIPTION
In this section, we present the system model and the problem about sound velocity change. A. SYSTEM MODEL To achieve the localization task, a system model needs to be provided. It is a common underwater acoustic localization system in Fig. 1 . There are three buoys (anchor nodes) on the sea surface that can perform GPS positioning. They also can synchronize time with underwater targets (unknow nodes), which locate at different depths. In the ball positioning model, passive positioning is realized by TOA ranging. Namely, the buoys periodically transmit the positioning acoustic signal at the same time. After receiving multiple signals, the targets use the localization algorithm to determine their own position. From the perspective of energy consumption, passive positioning is conducive to saving energy and increasing the life cycle of underwater nodes, because the power of transmitting acoustic signals is much stronger than the reception.
In addition, the baseline length is set between 20 and 50 meters, which is the distance between the anchor nodes. It is because the close-range buoys are easy to place and recycle in the actual project. The whole system also is simple in structure and easy to operate. The anchor nodes obtain their positions through GPS localization and multiple anchor nodes form a sound matrix coordinate system. Then, the underwater node can use the passive positioning algorithm to know its own coordinates.
B. FORMULATION OF THE PROBLEM
In the underwater acoustic localization system, a basic formula, which is given by distance is equal to speed times time, is quite essential. Scholars often focused on time error, ignoring the serious impact of sound velocity change on localization. At the time of project estimation, the underwater sound velocity is generally considered to be 1500 m/s [12] . In fact, the speed of sound in the ocean is not constant, which is constantly changing value due to many factors. Fig. 2 is a simplified deep-sea sound velocity profile. It can be visually seen that the relation between depth and speed of sound is nonlinear. In fact, this velocity profile changes with latitude, season, time of day and meteorological conditions. Therefore, in the UANs, it is difficult to estimate the speed of sound, and an inaccurate speed of sound will have terrible consequences.
As shown in Fig. 3 , there are some examples in the two-dimensional space, due to the error of sound velocity estimation and range. The three anchor nodes (Point A, B, C) cannot accurately locate the position of the unknown node (Point M). Instead, the three circles form the closed region in the graph and uncertainly contain unknown nodes. In Fig. 3a , when the actual sound velocity is greater than the preset velocity, the point M is in the closed region, while in the case of the Fig. 3b , the result is different. What's more, if three circles non-intersect, the CCE algorithm based on intersection will be not available. It is conceivable that inaccurate estimation of the sound speed can have a serious impact on traditional localization methods.
III. PROPOSED ARITHMETIC
In order to effectively reduce the positioning influence of sound velocity changes in the localization system, we propose a symmetry correction based on least square estimation (SC-LSE) algorithm. The core idea is that the estimated points, obtained by the least squares estimation (LSE) algorithm, have a certain symmetry relationship with the actual unknown nodes. To make it easy to see the meaning of nodes, see Table I .
The algorithm is introduced as follows: in two-dimensional space, shown in Fig. 4 and Fig. 5 , there is where A 1 , A 2 , A 3 VOLUME 7, 2019 are known anchor nodes (reference nodes), M is an unknown node, d i (i = 1, 2, 3) represent estimated range of A i and M, and D is estimated point by LSE. Connect the straight-line A i D to obtain the intersection of the straight line and the circle with A i as the center and d i as the radius. Then, select the point closer to the point D to be P i and find the centroid point P of P 1 , P 2 , P 3 . Finally, I is the symmetry point of D with respect to P, which is the estimated point through SC-LSE.
In Fig. 5 , for the sake of distinction, the unknown node M and the LSE point D are marked in red and blue respectively, while the remaining points are gray.
Compared with the CCE algorithm, the proposed algorithm can still obtain an estimation point through the LSE, even if the closed region, the intersection of the three circles, cannot be formed. Meanwhile, there is no limit to the positional relationship of all P i . it doesn't matter whether they are on a line.
Next, we analyze from the theoretical level to verify the rationality of the proposed algorithm. Assume that in the two-dimensional space, A i (x i , y i )(i = 1, 2, 3) and M (a, b) represents the anchor node and unknown node respectively. The baseline length is required to be between 20 to 50 meter in the previous section. All other parameters are summarized in Table II .
Firstly, we analyze the error of the LSE, D(â,b) stands for the estimated point coordinate through LSE. Letv i and d i stand for the estimated velocity and range. v i and d i stand for the actual velocity and range. v i is given by:
Propagation time (t i ) is:
In order to simplify the operation, we assume that the propagation time can be obtained, and the sound velocity errors of the three paths are consistent.
Simplify d i to get the following:
Distance equation between two points according to d i :
Note: Since there are only three anchor nodes, algebraic expressions replace the matrix for ease of description.
Divide the equation: (6) to get the following:
Solution:
Then, find distance equation between two points according to d i .
The same simplification can be obtained:
Easy to observe that the form of (6) is similar to the above, so:
Assume that a 1 =
Simplify (11) to get the following:
Obviously, if the unknown node M is located at the circumcenter of triangle made up of anchor nodes, the actual distances and the estimated distances will be equal respectively, that is:
Substituting (14) and (15) into (11), we obtain
Hence a 2 , b 2 represents the circumcenter of the anchor nodes topology.
Next, we further analyze the SC-LES algorithm based on this. Let I(x I , y I ) is the corrected point,d i is estimated range between point D and the anchor node:
Connect the straight-line A i D, obtain the intersection of the straight line and the circle with A i as the center and d i as the radius, and select the point closer to the point D to be P i :
The scale factor µ i is the ratio of the two distances, that is:
Find the centroid pointP of P 1 , P 2 , P 3 :
Finally, the symmetry relationship is given by:
When d i > 500, it can be approximated:
Simplify (21) to get the following:
We obtain the relationship between the actual coordinate M and the estimated point D through the previous inference:
Comparing (23) with (24), we can find that the first terms of the two expressions are identical, while in the second term, A and a 2 , b 2 represent the centroid and the circumcenter of the anchor node topology, respectively. As long as the anchor nodes are properly placed, the corrected estimated position can be made closer to the actual target.
IV. SIMULATION RESULTS
In this section, simulation results are given to evaluate the performance of the introduced SC-LSE algorithm.
A. SIMULATION SETTING
The simulations are implemented in MATLAB 2018b. In the simulation system, several assumptions regard to the capabilities of time synchronization and the velocity of sound. It is assumed that the anchor node can achieve time synchronization with the underwater target (unknown node). Meanwhile, during the positioning process, the acoustic signal transmitted between the anchor node and the underwater target. The experience of the propagation process is similar, because the baseline length is short and the anchor nodes are close to each other. Thus, it is reasonably considered that the speed of some signals is related in a single positioning period. In order to facilitate the representation of the sound speed, the concept of effective sound velocity is adopted [14] . The multiple changes of sound velocity are equivalent to one value during the whole propagation process, so the actual sound velocity is obtained by (25) in the simulation.
where c is the estimated sound velocity, k is the scale factor of actual sound velocity change, which can be set manually, and ϑ is the noise subject to the normal distribution.
To verify the practicability of the algorithm, the common LSE and CCE were added for comparison during the simulation. The positioning accuracy is shown by Average Euclidean Error (AEE) [15] . The AEE value of an estimation can be found as: where N(k) and e k (i) represents the total number of simulations and the error of the ith simulation under the kth conditions.
B. RESULTS AND ANALYSIS 1) TOPOLOGICAL STRUCTURE
In the theoretical analysis, it is found that the positioning accuracy of the proposed algorithm is related to the anchor node topology. Therefore, it is necessary to explore which topology has the best performance. We establish the ideal simulation system in two dimensions where the coordinates of unknown node are x ∈ [−1500, 1500], y ∈ [−1500, 1500], the centroid of the three anchor nodes is fixed at (0, 0), the actual sound speed and the estimated sound velocity is set to 1497 m/s and 1500 m/s respectively, and the number of simulations is 2000 times. By changing the anchor node topology and the closed region, as shown in Table III , the simulation results are in Fig. 6 . In the cumulative error distribution, difference of structure does have an impact on the positioning effect. The equilateral triangle structure has the highest positioning accuracy, while the obtuse triangle has the largest error. Meanwhile, the area of the closed region also has an influence on the positioning accuracy, and the small area has high positioning accuracy. Essentially, the reason is easily found in Table III that the distance between the circumcenter and the centroid is related to the positioning error. The farther the distance is, the larger the positioning error is. Hence the best configuration is Equilateral Triangle (M).
2) SOUND VELOCITY CHANGE
The change of sound velocity is a factor that is important for underwater localization. We design the simulation aimed at this factor. A system is constructed in the three-dimensional space, composed of anchor nodes forming the Equilateral Triangle (M) topology. Notice that depth can be acquired by pressure sensor. Hence, it is assumed that pressure sensor can accurately measure the depth information. The position of the unknown node is randomly determined within the area of 3000 × 3000 × 600, and the actual velocity is obtained by (25). fig. 7 is a segmental diagram of the positioning situation where k is 50. for the convenience of comparison, the depth axis is removed. Thus, the positioning effect can be clearly observed from the two-dimensional plane. The red circle is the actual point in the figure, and the estimated points are all represented by blue. The plus sign, the box and the star are respectively obtained by the LES, CCE and SC-LES algorithms. It can be seen that the star point is closer to the red circle in most cases.
Then change the k value successively to get the simulation result as shown in Fig. 8 . for the LSE and CCE algorithms, as the difference between the actual sound velocity and the estimated sound velocity is larger, the average error is larger. However, the algorithm proposed in this paper is not sensitive to the deviation value. The positioning effect of the SC-LSE is the best, and AEE is reduced to less than 10. in addition, the CCE algorithm is not as good as the traditional LES in this environment. what' more, we find that the CCE error is asym-metrical when the actual sound velocity is lower or higher than the estimated sound velocity. This is because the diversity in the geometry of the closed region is caused by the difference in the anchor node topology and the actual speed of sound.
3) MOTION STATE
In the ocean, the underwater target is often not static, and will move actively or passively due to various factors. Therefore, we further carry out the comparative simulation of underwater target motion state, and observe the effect of the proposed algorithm. As with Simulation 1, we made the same assumptions and added others about moving targets. It is assumed that it only performs horizontal uniform motion at a speed of 1 m/s in random directions. The current speed can be gotten by multiple sensors. In this way, the target can construct the motion trajectory and the acoustic wave propagation model through the anchor node signals received in sequence. Then, it will obtain a virtual new anchor node position by (27).
In the simulation, we choose the horizontal range as the control variable rather than the actual sound velocity. Namely, the unknown target is determined in the form of polar coordinates by (28) and then converted to a Cartesian coordinate system. r = rLow + (rr − 1) * rStep + rand * rStep θ = rand * 2π (28) where k is a step factor, rLow and rStep are constants. The rr increases step by step to change the interval of the average range, so that the annular (circle) region where the target node is located extends outward. The purpose is to look for the applicable range of the algorithm. The depth of the underwater target is randomly determined between −20 and −500 meters. When k is set to −30 and 30, respectively, the simulation results are shown in Fig. 9 . In Fig. 9a , the motion state of the underwater target has little effect on the algorithm. When moving or resting, the AEE of different algorithms is similar. It is worth mentioning that the SC-LSE algorithm dose not perform well and the positioning error is large, when the horizontal range is within 300m. However, since it is more than 400m, the proposed algorithm is obviously superior to the CCE and LSE algorithms. It is also in line with the theoretical analysis of the algorithm in the previous chapter, which requires the range above 500m. The AEE of SC-LSE is optimized by 40%, when it is about 550m. Roughly, the error of the SC-LSE is about 2 m lower than the other two algorithms. Comparing with the charts (a) and (b), it is found that as long as the absolute values of the difference between the two are close, the actual sound velocity is lower or higher than the estimated, it has little effect on the algorithm. Therefore, a strategy can be proposed to locate in the quasi-3D: according to the horizontal range after conversion, if it is greater than 400m, SC-LSE algorithm is adopted, and vice versa, LSE algorithm is selected. This strategy is able to better improve positioning accuracy.
4) QUASI-3D / 3D
In the UANs, not all targets are equipped with depth sensors. When the required accuracy is not high, the depth sensor is often not installed to save energy consumption and extend the service life. Hence, we design a simulation of moving target without depth sensor, which uses four anchor nodes to form a tetrahedron. The centroid of tetrahedron will coincide with the center of the circumscribed ball. The same as the previous sim-ulation, we set the underwater target to be moving, taking the factor k by −30 and 30, respectively, and gradually increasing the range to obtain the simulation result as shown in Fig. 10 .
Since there is almost no merit in the CCE algorithm in quasi-3D, only the LSE and the SC-LSE proposed in this paper are compared here. In Fig. 10a , the AEE in the 3D positioning is significantly higher than that in the quasi-3D positioning, which is also in line with the actual situation. The reason is that quasi-3D positioning introduces accurate depth information. In 3D positioning, the SC-LSE algorithm is always better than the traditional LSE algorithm, but the overall error is large. In actual project, it is often necessary to increase the number of anchor nodes to generate more redundant information to improve the positioning accuracy. Comparing with the Fig. 10a and 10b , the same conclusion as in the previous simulation can be obtained. When the actual velocity exceeds or falls below the same value of the estimated velocity, the positioning accuracy of the algorithm is similar.
In summary, the SC-LSE algorithm has many merits and good robustness in most cases. Although the algorithm does not work well when the range is less than a certain distance, it is possible to quickly switch to the conventional LSE to ensure the positioning effect without re-measuring other parameters.
V. CONCLUSION
In this paper, we introduce the particularity of the underwater environment and the differences with TWNs. The situation is described for the change of sound velocity, which changes nonlinearly with increasing depth. Obviously, the error caused by inaccurate sound velocity estimation will have a serious impact on underwater positioning, so we propose the SC-LSE algorithm. The initial estimated position is obtained by the traditional LSE algorithm. Then, the correction position is ascertained by using the symmetry of the estimated position and the actual target, so that the positioning accuracy is greatly improved. On the one hand, this paper proves the feasibility of the algorithm from the theoretical level by formula derivation. On the other hand, we set up the simulation system, and analyze the sound velocity change and the mobility problem of the unknown target. Fortunately, the SC-LSE algorithm has good performance in most cases. In addition, comparing 3D positioning effect with the quasi-3D, it is shown that the proposed algorithm has more obvious correction effect in quasi-3D positioning. It can almost reduce the positioning error of the LSE algorithm by up to 40% in some situations.
In the future work, we will build the actual system for field testing, extend the positioning algorithm proposed in this paper to more complex underwater communication environment, such as time asynchronization, anchor node movement and so on. 
